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[ 1 .13,14]. Results from these investigations [l] 
indicate that proton transfer is rate limiting in two of 
the steps of the oxygen reduction process. The present 
characterisation of the proton transfer reactions accom- 
panying partial reduction of dioxygen by fully reduced 
cytochrome bo indicates, however, that proton transfer 
does not limit the rate for the structurally and function- 
ally related ubiquinol oxidase. This suggest that the 
acid-base chemistry accompanying oxygen reduction in 
the two enzymes is different. 
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2. MATERIALS AND METHODS 
2.1. Mutrriuls 
Cytochrome ho was prepared from E. CO/I, strain RG145. using the 
protocol of [15]. Prtor to experrments with the pH Indicator dye, where 
a low buffering capacity IS necessary, the enzyme stock solution was 
dialysed against 3 x 100 ~01s. of 0.1 M KC1 and 0.05% sodium N- 
dodecyl sarcosinate adjusted to pH 8. This was also the medtum used 
m the proton uptake measurements. All other experiments. except 
those m DzO. were performed in 0.1 M MES-KOH (pH < 7.0). 0.1 M 
HEPES-KOH (7.0 % 8.0) or 0 1 M Tris-HCI (pH > 8 0). with 0.1% 
lauryl maltoside as detergent. The D,O experiments were done in 0.1 
M HEPES-KOD and at pH* = 7.5 (pH meter reading) To accomphsh 
complete exchange of H,O to DZO, the enzyme stock solutton was 
diluted with 2 ~01s. of DzO buffer and reconcentrated This procedure 
was repeated 3 ttmes during a pertod of 24 h. DzO (99.9%) and the 
sodtum salt of Cresol red were from Sigma. and all other chemtcals 
used were of the purest grade available The pK,% value of Cresol red 
was determined by spectrophotometric titration under the condittons 
used m the present work. and a value of 8.3 was found. 
*At thus pH, pD becomes 7.9, due to the equihbrium effect on the glass 
electrode. 
2.2. Methods 
Formation of the fully reduced CO complex of cytochrome ho was 
accomplished as described earlier [16] The flow- flash kinetics, both 
with respect to electron-transfer and proton-uptake kinettcs, were 
performed as in [l] Concentrations of cytochrome bo m the electron- 
transfer and proton-uptake expertments were 1.5 ,uM and 5 ,uM. re- 
specttvely. and the oxygen concentratton was 1.0 mM m both. The 
proton uptake reaction *as detected using 30pM of the pH mdtcator 
dye, Cresol red. Calibration of the indicator stgnal was made by 15 
~1 addttions of 0.5 mM HSO, to 2.5 ml of the exhausted reactton 
mtxture, collected at the flow cell outlet and transferred to a stirred 
cuvette All experiments were performed at 22°C. Curve fitting was 
done as described prevtously [I] and also usmg a program based on 
the LevenberggMarquardt algorithm, written by Dr. Orjan Hansson 
at this department. 
3. RESULTS 
3.1. pH indicator experiments 
The choice of observation wavelength for these exper- 
iments was dictated by the need for minimal interfer- 
ence from absorbance changes due to the cytochromes. 
We found that at 580 nm, the rapid CO photodissocia- 
tion is visible, whereas the two phases of the oxygen 
reaction are not seen. In Fig. 1 trace A, the experiment 
is performed in the absence of buffer, and changes in the 
protonation state of the indicator is recorded together 
with the enzyme contribution at this wavelength. Fig. 
1, trace B shows the course of the reaction detected in 
the presence of buffer and indicator. Under these condi- 
tions, only the enzyme contribution to the absorbance 
changes is detectable. The difference between these 
traces, shown in Fig. 1 trace C, then gives only the 
indicator contribution. Since it is the alkaline form that 
absorbs at 580 nm, the increasing absorbance seen in 
Figure 1C corresponds to proton uptake. The size of the 
absorbance change corresponds to the uptake of about 
0.8 protons/enzyme molecule using an extinction coeffi- 
cient of 24.2 mM-‘cm-’ (redox, at 560-580 nm) for 
calculation of the cytochrome bo concentration [17]. 
Kinetic analysis shows that the timecourse is well de- 
300 
scribed by a single exponential with a rate constant of 
8,000 s-‘. 
In addition to the rapid uptake described above. we 
also observed uptake of more protons on a very slow 
time scale (seconds, not shown). The rate of this reac- 
tion is similar to the very slow phase observed previ- 
ously [16] in the oxygen reaction of cytochrome bo. 
Although the rate is too low to be of catalytic signifi- 
cance, this suggests that the decay of the species present 
after the two rapid phases into the fully oxidized enzyme 
is accompanied by uptake of protons. 
3.2. pH dependence qf the partial reduction of dio.ysgen 
The pH dependence of the absorbance changes cou- 
pled to the partial reduction of dioxygen by the three 
electron reduced (fully reduced) cytochrome ho was 
monitored in the Soret region at 430 nm. As found 
earlier [16], a biphasic course of the reaction with appar- 
ent rate constants of 2 x 10” and 4 x lo3 ss’ was ob- 
served at an oxygen concentration of 1 mM. In the 
interval pH 6.0-9.5, no effect on the rate constants or 
the signal amplitudes was seen in the oxygen reduction 
kinetics. 
3.3. Solvent isotope effect on the partial reduction of 
Fully reduced cytochrome bo. solubilized and care- 
fully equilibrated in D20, was oxidized by molecular 
oxygen and the absorbance changes measured at 430 
nm. None of the kinetic phases described above were 
affected by the exchange of H,O to D,O as solvent. The 
Hz0 and D,O experiments were performed at the same 
pH meter reading, pH* 7.5. This is, however, balanced 
by the equilibrium isotope effect on titrable groups in 
proteins, that commonly is of about the same magni- 
tude, but of the opposite sign [18]. The ionisation state 
of the enzyme is therefore expected to be the same in the 
two experiments. 
4. DISCUSSION 
The aim of this work has been to characterise and 
compare the proton transfer reactions that are coupled 
to the reduction of dioxygen by fully reduced cyto- 
chrome bo from E. co/i, and bovine cytochrome c oxi- 
dase. It should be noted that cytochrome bo lacks the 
low potential copper centre, Cu,. and therefore cannot 
hold more than three electrons in its fully reduced state, 
whereas the bovine enzyme has four electrons. This 
makes the end points of the reactions different. The 
cytochrome bo reaction is expected to stop in a ferry1 
state whereas the bovine oxidase reduces dioxygen com- 
pletely to water. From the suggested similarities in 
structure and function, however, the first three partial 
steps of oxygen reduction would be expected to be re- 
lated. In the bovine enzyme, arrival of the first electron 
from the low potential site, i.e. cytochrome a oxidation 
Volume 325, number 3 FEBS LETTERS July 1993 
0.2 ms 
Fig. 1. Absorbance changes at 580 nm m the absence (A) and presence 
(B) of 0.1 M HEPES-KOH Concentrations are 30 PM Cresol red, 1 
mM dioxygen and 5 PM fully reduced carbonmonoxy cytochrome ho. 
and the experiment is performed at pH 8.2 and at T= 22°C. Both 
traces are the averages of 20 transients. In C. the dtfference between 
the traces IS shown, and tt reflects the absorbance changes specifically 
due to the pH indicator dye. 
with the rate 3 x lo4 s-’ [19,20], triggers the proton up- 
take from the bulk water [I]. In this state the binuclear 
centre has three electrons, probably as a peroxyla, com- 
pound with Cu, reduced. Proton uptake then occurs 
with a maximal rate of 1 x lo4 s-‘, rather than 3 x lo4 
s -‘, and titrates with a pK of about 8. The next step in 
the oxygen chemistry is expected to be a cleavage of the 
dioxygen bond followed by the formation of the ferry1 
intermediate. Indeed, this species is identified both opti- 
cally in steady-state experiments involving reversed 
electron transfer in intact mitochondria [21] and kineti- 
cally with time-resolved resonance Raman [22,23]. In 
our earlier flow-flash experiments, collecting data in the 
visible and the near infrared regions, this event is re- 
flected as a phase that exhibits a rate and a titration 
behaviour that is similar to that of the 1 x lo4 s-’ proton 
uptake. In addition. the described reactions with cyto- 
chrome c oxidase also showed a deuterium solvent iso- 
tope effect [l]. We therefore concluded that proton 
transfers to the oxygen chemistry from a group situated 
in a proton link between the water bulk and the oxygen 
binding site could be rate limiting for the redox reac- 
tions on this time scale. The difference in rate between 
the reaction preceding proton uptake (2 x lo4 s-” and 
the rate of the actual uptake of protons (8 x lo3 s-‘) in 
cytochrome bo is similar to that observed in the bovine 
enzyme. In the latter system, however, the reaction pre- 
ceding proton uptake (3 x lo4 s-‘) is subject to a small, 
but significant, deuterium isotope effect, and the subse- 
quent redox reaction (1 x lo4 s-l) was found to be both 
pH-dependent and D,O-sensitive [l]. In the present 
study, we have observed neither an isotope effect, nor 
any pH dependence in any of the two phases resolved 
in the reaction between cytochrome bo and oxygen. 
These dissimilarities argue for a different role of pro- 
tons in oxygen reduction and/or for differences in the 
mechanism for delivery of protons from the medium 
into the binuclear site in between the two enzymes. This 
assumes, however, that oxygen reduction follows a sim- 
ilar course in the two enzymes. At the present level of 
understanding of the oxygen reaction in cytochrome bo, 
differences also in this respect cannot be excluded. 
Thus, our results suggest that the detailed catalytic 
mechanism is not the same in the bovine and E. coli 
oxidases. In this context it is worth noting that different 
KM values for oxygen have been reported for the two 
oxidases, with a 3-fold higher KM (OJ for cytochrome 
bo [24,25]. Recently, dissimilarities in CO binding to the 
binuclear centres of the au,-type oxidases compared to 
cytochrome bo [26] have also been reported. These are 
other indications of differences between the two en- 
zymes with respect to the chemistry of the binuclear site. 
We hope that future studies of these differences between 
the terminal oxidases will prove useful for understand- 
ing their mechanism. 
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